For winter wheat (Triticum aestivum L.) that grows during the rainless season, the contribution of groundwater to the root zone (CGWR) is an important water source for growth. Accurately estimating the CGWR is important for making decisions on irrigation and discharge for winter wheat fields and preventing water pollution. Because winter wheat slows and even stops root growth over winter, so the fixed root density distribution function that is suitable for soybean [Glycine max (L.) Merr.] may not suit winter wheat calculations. Therefore, when estimating the CGWR of winter wheat with the numerical model HYDRUS-1D, the root density distribution function should first be determined from two types: fixed or piecewise root density distribution functions. Based on field observations and local weather data for 2004-2005 and 2005-2006, HYDRUS-1D was evaluated with different root density distribution functions by comparing simulated and measured root zone soil water contents. The evaluated model with the most suitable distribution function was used to estimate the daily CGWR for six winter wheat hydrological growth seasons. For all seasons, winter wheat growth was assumed to be at its optimal state. The main results were: (i) a piecewise root density distribution function was the most suitable for winter wheat; (ii) simulated seasonal CGWRs were 154, 128, and 136 mm in the dry, normal, and wet seasons, respectively; and (iii) the CGWR for winter wheat transpiration was about 58, 47, and 69% of the total in dry, normal, and wet seasons, respectively. Overall, we concluded that accurate description of the root density distribution was helpful to estimate the CGWR.
For winter wheat (Triticum aestivum L.) that grows during the rainless season, the contribution of groundwater to the root zone (CGWR) is an important water source for growth. Accurately estimating the CGWR is important for making decisions on irrigation and discharge for winter wheat fields and preventing water pollution. Because winter wheat slows and even stops root growth over winter, so the fixed root density distribution function that is suitable for soybean [Glycine max (L.) Merr.] may not suit winter wheat calculations. Therefore, when estimating the CGWR of winter wheat with the numerical model HYDRUS-1D, the root density distribution function should first be determined from two types: fixed or piecewise root density distribution functions. Based on field observations and local weather data for 2004-2005 and 2005-2006 , HYDRUS-1D was evaluated with different root density distribution functions by comparing simulated and measured root zone soil water contents. The evaluated model with the most suitable distribution function was used to estimate the daily CGWR for six winter wheat hydrological growth seasons. For all seasons, winter wheat growth was assumed to be at its optimal state. The main results were: (i) a piecewise root density distribution function was the most suitable for winter wheat; (ii) simulated seasonal CGWRs were 154, 128, and 136 mm in the dry, normal, and wet seasons, respectively; and (iii) the CGWR for winter wheat transpiration was about 58, 47, and 69% of the total in dry, normal, and wet seasons, respectively. Overall, we concluded that accurate description of the root density distribution was helpful to estimate the CGWR.
Abbreviations: CGWR, contribution of groundwater to the root zone; LAI, leaf area index; WTD, water table depth.
The contribution of groundwater to the root zone (CGWR, the capillary rise) is defined as the volume of water leaving a static water table due to soil water evaporation and plant transpiration (White, 1932; Jorenush and Sepaskhah, 2003) . In China, it is often called phreatic water evaporation. In shallow water table regions, the CGWR is an important part of the water source for crop root zones. Its estimation is important for optimizing crop water requirements (Xue et al., 2008) , studying the crop water balance (Vincke and Thiry, 2008) and crop growth (Han et al., 2015) , modeling crop irrigation schedules (Van Aelst et al., 1988) , predicting soil salinity (Askri et al.,2010) , modeling root water uptake (Šimůnek and Hopmans, 2009) , and analyzing the interaction between groundwater and plants (Yin et al., 2015) .
An estimation of the CGWR is required for computing the soil water balance in the presence of shallow water tables that favor upward fluxes into the root zone (Liu et al., 2006) . The CGWR can be accurately estimated by deterministic soil water flux models using the Richards equation (Liu et al., 2006) , e.g., HYDRUS-1D (Šimůnek et al., 2005) . However, these deterministic approaches simulating change in the soil water content with time rely on an accurate estimation of root water uptake (Braud et al., 2005) by an accurate description of the root distribution (Satchithanantham et al., 2014) .
Core Ideas
• Winter wheat hydrological growth seasons were used for the first time.
• A fixed root density distribution function was unsuitable for winter wheat.
• How to quantify winter wheat growth at its optimal state was a key.
• Daily CGWR for different hydrological growing seasons were estimated by a piecewise function. Root distribution patterns in the soil profile are the important determinant of the ability of a crop to acquire water for growth (Liu et al., 2011) . During root system development, both the root depth and root density distribution affect root water uptake. Moreover, a shallow water table significantly influences the efficiency of water uptake (Tron et al., 2015) .
In some studies on the estimation of root water uptake for crops by HYDRUS-1D, the root distribution has been described quantitatively. For example, Skaggs et al. (2006a) used the fixed root distribution function for modeling the root uptake of alfalfa (Medicago sativa L.) and tall wheatgrass [Agropyron elongatum (Host) P. Beauv.] based on lysimeter experiments; Luo and Sophocleous (2010) assessed the seasonal CGWR of winter wheat with lysimeter observations and HYDRUS-1D simulations and only the root depth distribution was considered. Few studies have dealt with the change in root density distribution during the growth period (e.g., Luo and Sophocleous, 2010) .
Previous research on the CGWR has been performed for a variety of cropping systems (Ayars and Schoneman, 1986; Soppe and Ayars, 2003; Kahlown et al., 2005; Babajimopoulos et al., 2007) , but few such studies have been performed for winter wheat (e.g., Luo and Sophocleous, 2010) . Research focusing specifically on winter wheat in China has dealt mainly with winter wheat growth and yield affected by the water table depth (WTD) (Qi et al., 1994; Li et al., 1999; Zhu et al., 2003) , but limited research has addressed the CGWR (e.g., Mao et al., 2003; Luo and Sophocleous, 2010) . Previous studies on the CGWR in China mainly focused on direct analysis of experiments and did not examine in detail the physical mechanisms involved in the uptake of groundwater.
In 2013, our research group estimated the CGWR for soybean in the Huaihe River basin using a physical mechanism model-HYDRUS-1D (Zhu et al., 2013a) . Soybean is a typical local summer crop grown during the rainy season, and the CGWR is more important for the growth of winter wheat than soybean. In addition, winter wheat is a typical local winter crop in which roots slow or even stop growth in winter. The fixed root density distribution function used to describe the root density distribution of soybean may not be suitable for winter wheat. Therefore, to estimate the CGWR of winter wheat, the root density distribution function should first be determined; we examined two types of root density distribution function: fixed and piecewise.
The Huaihe River basin (Fig. 1) , of which the plain area accounts for two-thirds, is in a transitional zone of northern subtropical and warm temperate climates. The transitional, unstable climate and poor drainage topography (Zhou et al., 2002) lead to precipitation heterogeneity not matching with crop water requirements. Therefore, agricultural drought and waterlogging occur periodically in the area (Wang and Xu, 2012) , and global climate change is aggravating agricultural drought and waterlogging (Piao et al., 2010) . The main soil in the study area is a dark-hydromorphic clay loam, which has characteristics of bad structure, heavy texture, and low organic matter content. These soils with poor moisture retention and permeability limit the effective contribution of rain to crop growth, strengthen the trends of drought and waterlogging, shorten the period suitable for cultivation, and are not profitable for crop production.
The Huaihe River basin is an important agricultural region and irrigation is often needed, using water extracted from surface water and shallow groundwater during growth periods for most of its crops (Water Resources Research Institute of Anhui Province and Huai River Conservancy, 2010). However, because of serious surface water pollution, the shallow groundwater is overexploited; Fig. 1 . Location of the experimental site.
irrigation water of high quality is limited and other environmental problems, such as land subsidence and regional groundwater pollution, occur. In addition, the implementation of conservation tillage and a decreasing agricultural labor force will make environmental pollution more serious because of the agricultural use of chemical fertilizers, pesticides, and herbicides. To protect the surface water and groundwater from pollution, irrigation water needs to be accurately estimated. In the Huaihe River basin, irrigation is only required when effective precipitation and the CGWR do not meet the crop water requirements. It is only supplementary. Therefore, in the Huaihe River basin, estimating the CGWR for crops is important for determining irrigation volumes and discharge volumes in decisions concerning crop growth management.
Winter wheat is the major crop in the Huaihe River basin. During the winter wheat growing period from October to early June, which is the rainless season, the crop often suffers from drought because of a shortage of precipitation. The CGWR can then be an important water source for growth. Climate and precipitation affect water table elevations, which in turn affect the CGWR of winter wheat. To adopt reasonable and effective measures for irrigation scheduling or managing the discharge of water for wheat fields, it is imperative to be able to accurately estimate the daily CGWR in different hydrological growth seasons.
In this work, the CGWR and winter wheat root water uptake were estimated using the HYDRUS-1D numerical model (Šimůnek et al., 2005) . HYDRUS-1D simulations of root zone soil moisture using different root density distribution functions were first compared with field measurements from a winter wheat field in the 2004-2005 and 2005-2006 growing seasons to demonstrate which root density distribution function is suitable in HYDRUS-1D for this application. Then the model with the most suitable root density distribution function was used to estimate the CGWR for six different hydrological growing seasons.
Materials and Methods

Field Site
The data were gathered during 2004-2005 and 2005-2006 at the Wudaogou Experimentation Research Station of Hohai University. The station is located in the southern part of the Huaihe River basin (Bangbu City, Anhui Province, 33°9¢ N, 117°21¢ E) at an altitude of approximately 20 m (Fig. 1) . The study area belongs to a transitional zone between northern subtropical and warm temperate climates. Forty years 
Field Experiment Design and Data Collection
The sampling area was 6700 m 2 ( Fig. 1 Chemical fertilizers of N, P, and K were applied basally in amounts of 100, 60, and 40 kg ha −1 , respectively (Water Resources Research Institute of Anhui Province and Huai River Conservancy, 2010).
The Ground Data
The experimental field was divided into five equal sections (labeled 1-5 in Fig. 1 ). In each section, five 30-by 30-cm subplots within a 1-by 1-m plot were chosen for winter wheat growth measurements.
Plant density and height were measured in the sampling areas once every 10 d during the growth period. Plant leaf area index (LAI) was measured with a LAI-2000 Plant Canopy Analyzer (LI-COR, 
Subsurface Data
Soil moisture was measured near each of the five sampling plots. to 80, 80 to 100, 100 to 120, and 120 to 150 cm. Three replicate samples were taken near the midpoint of each layer. The samples were weighed as collected, dried at 105°C, and then reweighed to determine the moisture content. Gravimetric moisture contents were converted to volumetric contents using the soil bulk density. The soil moisture data from the five plots were averaged to obtain single values of these data for the entire field. During the groundwater extracting days, the soil moisture near the groundwater table was not considered.
Roots were sampled at different growth stages in the 2004-2005 and 2005-2006 seasons. Sampling included taking soil cores from each plot according to Böhm (1979) . The diameter of each core was 7 cm. Cores were taken from the rows and between rows. After extracting cores, holes in the ground were filled and firmly packed with similar soil to minimize the effects on water infiltration during subsequent rain. The sampling depth was based on the average maximum winter wheat root depth at different growth stages (Zhan and Sun, 1995) . The soil cores were taken to the laboratory and the soil was removed and placed into washing cans. The resultant mixture of roots and organic debris (partially decomposed roots, stalks, stems, leaves, and husks from previous crops and weeds) was then placed in a polythene bag and preserved in a refrigerator until it could be sorted, generally within 7 d. Roots colored from white to mid-brown were deemed to be active, and black, dark brown, or gray roots were discarded. After separating the live roots from the dead roots and other debris, the root length was measured with the line-intersect method using a 1.27-cm grid (Tennant, 1975) .
The WTD in 2002 to 2010 was measured in observation wells (Fig. 2) . In this study, during the groundwater extracting days, the WTD data were calculated by the kriging interpolation method. The initial soil moisture in 2002 to 2010 came from the database of agricultural weather from the China Weather Station.
Lysimeter Contrast Experiments Design
Lysimeter contrast experiments were designed for model calibration and validation. The lysimeter system, 2 m east of the experimental field used in this study, consisted of four volumetric lysimeters, each being a cylinder with a cross-sectional area of 4 m 2 and depth of 500 cm, containing an undisturbed soil core from the field nearby. The WTD in the lysimeters was kept at constant at 1.5, 2, 2.5, and 3 m below the soil surface. A description of the lysimeters is available in the study of Zhu et al. (2013b) . Additionally, the soil water content within the soil column was 
Modeling Approach
HYDRUS-1D (Šimůnek et al., 2005) was used to simulate soil water flow and root water uptake. This model simulates one-dimensional (vertical) flow and uptake processes. In some instances, it is appropriate to approximate field-average behavior, for example, in the case of a grass field where variability in the horizontal plane is minimal. In our study, the field-average state was studied without considering variability in the horizontal plane. Our study area had a flat surface with a gradient of 1/7500 to 1/10,000, but the groundwater gradient is not always same as the surface gradient. Despite the one-dimensional model being simple, it was adequate to represent the actual soil and weather temporal variations under the soil profile being considered in different layers (seen in Table 2 ) and root changes with time (described by the piecewise root density distribution). Therefore, one-dimensional simulations could represent winter wheat fieldaverage behavior in the study area.
Governing Water Flow Equations
In HYDRUS-1D, the governing equation is the Richards equation with a sink term added to simulate the extraction of water by roots (Šimůnek et al., 2005) :
where q (cm 3 cm −3 ) is the volumetric water content, h (cm) is the water pressure head, t (d) is time, z (cm) is the vertical space coordinate (positive upward), K (cm d −1 ) is the unsaturated hydraulic conductivity, and S (cm 3 cm -3 d −1 ) is a sink term. The hydraulic conductivity K is represented using the van Genuchten-Mualem model:
where S e is the effective saturation, q s (cm 3 cm -3 ) is the saturated water content, q r (cm 3 cm −3 ) is the residual water content, K s (cm d −1 ) is the saturated hydraulic conductivity, and n, m, a vg (cm −1 ), and l are adjustable parameters where m = 1 − 1/n.
The sink term is expressed as (Feddes et al., 1978; Skaggs et al., 2006a Skaggs et al., , 2006b 
where T p (cm 3 cm −2 d −1 ) is the potential transpiration rate, R(z) (cm −1 ) is the relative root length distribution function, and a is a dimensionless uptake reduction function that accounts for decreases in uptake due to drought stress and is given by (van Genuchten, 1987; Skaggs et al., 2006b) ( ) ( )
where h 50 is the pressure head at which transpiration is halved and p is an adjustable constant that determines the steepness of the transition from potential to reduced uptake rates as h decreases.
The parameter h 50 may be viewed as an effective parameter that combines the reduction in uptake due to reduced water potential at the root surface and reduced flow of water to the root surface (Skaggs et al., 2006a) .
Boundary and Initial Conditions
The upper boundary was specified as an atmospheric boundary condition (Šimůnek et al., 2005) . With the atmospheric boundary condition, the potential evaporation and transpiration rates were specified on a daily basis. The model then calculated the actual evaporation and transpiration rates based on the simulated soil moisture conditions. In the case of evaporation, water evaporates from the soil surface at the potential rate (a flux boundary condition) whenever the pressure head at the surface exceeds a threshold value h crit . If the soil surface dries out such that the surface pressure head reaches the threshold value, the boundary switches to a constant pressure head condition (= h crit ), generally leading to a computed actual evaporation rate that is well below the potential rate. In our simulations, h crit was assumed to be −10,000 cm because it was found that the results were not sensitive to this parameter value. The actual transpiration rate was determined with Eq.
[4] and [5]. To specify the potential transpiration (T p ) and evaporation (E p ) rates, potential evapotranspiration (ET p ) was calculated as
where the crop efficiency coefficient (K C ) was determined by Tang et al. (2008) , and the reference crop evapotranspiration (ET 0 , mm d −1 ) was calculated using the FAO Penman-Monteith equation (Allen et al., 1998) : 
Values of LAI were determined from field measurements, and T p rates were determined as
The daily E p and T p values in the 2004-2005 and 2005-2006 seasons used in the model surface boundary conditions are shown in Fig. 3 .
The lower boundary was specified as a time-varying pressure head boundary condition representing the time-varying water table conditions. The initial soil moisture profile, q(z, t = 0) = q i (z), was specified based on soil moisture data collected at the beginning of the simulation period ( 
Root Distribution
Root Depth Distribution. Root depth changes were specified using values for the two growth seasons, respectively (Table 4 ). In calculation, HYDRUS-1D then assumes a linear interpolation with time between entered values.
Fixed Root Density Distribution Function. During the whole growth period, a fixed root density distribution function was used, affecting the relative change in root length with root depth. The data for the winter wheat root length distribution indicated that 40% of the active root length was within the top 15 cm of the soil, 50% was within 15 to 75 cm, and 10% was within 75 to 150 cm. Consistent with these data, the root density distribution was mod- Piecewise Root Density Distribution Function. In this case, root changes in length and depth are considered in different growth phases. The root density distribution is described by a piecewise function (Table 4) .
Soil Hydraulic Parameters
The hydraulic parameters q r , q s , a, n, and K s were estimated (Table 2) using ROSETTA (Schaap et al., 2001 ), a pedotransfer function software package that uses a neural network model to predict hydraulic parameters from soil texture and related data (Table 2 ).
Parameters to Describe Winter Wheat Growth at Its Optimal State
Growth height at maturity, the maximum LAI during the growth period, and the root distribution were used to describe winter wheat growth at its optimal state.
The growth height at maturity and the maximum LAI during the growth period were determined by their relationships with yield using the data for 1991 to 2011. During 1991 to 2011, 2009 had the largest winter wheat yield of 7559 kg ha −1 . In 2009, the average plant height at maturity was 69 cm and the maximum LAI was 7.0 (Water Resources Research Institute of Anhui Province and Huai River Conservancy, 2010). When calculating the daily CGWR for the different hydrologic seasons, it was assumed that all winter wheat plants were in their optimal state under the conditions of maximum LAI set at 7.0 and plant height at maturity of 69 cm.
The root distribution function determined in the field study in the 2005-2006 season was used for the different hydrological seasons studied.
Determination of Hydrological Growth Season
Based on precipitation frequency analysis during winter wheat growing seasons at the Wudaogou Experimental Station, seasons in which precipitation exceeds 425 mm are considered as wet, 300 to 425 mm as average, and below 300 mm as dry using the coefficient of variation (CV) and coefficient of skewness (Cs) (CV = 0.26; Cs/CV = 2). Based on precipitation data for October to May of 1990 May of to 2012 May of , the 2002 May of -2003 May of and 2009 May of -2010 May of , 2004 May of -2005 2008-2009, and 2005-2006 and 2007-2008 seasons were selected as representative of wet, dry, and normal rainfall conditions, respectively (Fig. 4) .
Result Evaluation Index
The root mean square error (RMSE), the mean relative error (MRE), and the index of agreement D (Willmott, 1981) of the observed and simulated soil water contents were used to assess the performance of the root zone soil water simulation by the HYDRUS-1D model under the two root density distribution functions:
obs, sim, 
where n is the number of observations, q sim,i is the simulated soil water content at the ith time, obs q is the average value of the observed soil moisture, and q obs,i is the measured soil water content at the ith time; E multi-obj is the multi-objective error used in the calibration, RMSE q is the RMSE of soil moisture from the lysimeter experiment, RMSE ETa is the RMSE of actual evapotranspiration, and a,obs ET is the average of the observed actual evapotranspiration from the lysimeter experiment.
6 Results and Discussion
HYDRUS-1D Model Calibration and Validation
There are two kinds of parameters in the HYDRUS-1D model. One is physical, such as, q r , q s , a, n, and K s , which are soil hydraulic parameters, determined as above. The other is water stress parameters (h 50 and p) that express an uptake reduction function and need to be calibrated and validated.
The simulations of soil moisture were mostly insensitive to h 50 and p (Skaggs et al., 2006a and 2006b; Zhu et al., 2013a) . The parameter values reported in the literature for specific plants and soils range approximately from −1000 to −5000 cm for h 50 and from 1.5 to 3 for p (Skaggs et al., 2006a) . Based on the 2004-2005 season data from three lysimeters with water tables of 1.5, 2, and 3 m, soil moisture simulations were performed for the water stress parameters (h 50 and p) by a trial-and-error procedure for h 50 of −1000, −1100, ..., −5000 and p of 1.5, 2, 2.5, and 3. Two kinds of root density distribution functions were used. The simulated and measured evapotranspiration and soil moisture at three depths were compared. The values of h 50 and p in the minimum multi-objective error (E multi-obj calculated by Eq. [15]) scenario were needed. It was determined that h 50 = −1500, p = 3 for winter wheat growth under the two kinds of root density distribution functions in the study area. For the fixed root density distribution function, the minimum E multi-obj was 0.0059, while it was 0.0010 for the piecewise root density distribution function.
Based on the 2005-2006 season data from the lysimeter with a water table of 2.5 m, soil moisture simulations were performed for the HYDRUS-1D model validation using h 50 = −1500 and p = 3. For the fixed root density distribution function, the RMSE between measured soil moisture and simulated values for three layers were relatively large, ranging from 0.0309 to 0.0878 cm 3 cm −3 ; meanwhile, the RMSE between the measured ET a and simulated values was as large as 0.08 mm d −1 . For the piecewise root density distribution function, the RMSE between measured soil moistures and simulated values were relatively low, ranging from 0.0020 to 0.0157 cm 3 cm −3 , while the RMSE between measured ET a and simulated values was also as low as 0.04 mm d −1 .
HYDRUS-1D Evaluation for Different Root Density Distribution Functions
The results of the evaluation for the fixed and variable root density distribution functions are shown in Fig. 5 . The results computed with h 50 = −1500 cm and p = 3 (Fig. 5) changed only slightly when these parameters were varied across the range of values reported in the literature (Skaggs et al., 2006a) . The simulations were in better agreement with the measured water content data for the variable compared with the fixed root density distribution function. The measured and simulated water contents for a near-surface depth (5 cm), middle depth (45 cm) where root density was relatively high, and greater depth (90 cm) where root density was relatively low are shown in Fig. 5 . For all three depths, the time course of the simulated water content agreed well with the data for the variable root density distribution function (black solid curves) but not with that for the fixed root density distribution function (gray solid curves). Figure 6 presents the RMSE, MRE, and the index of agreement D for the simulations and data presented in Fig. 5 . These goodnessof-fit values, and the results (bold solid curves) presented in Fig. 5 , indicate that prediction errors were low and the simulated values agreed well with the data for the variable root density distribution function. However, for the fixed root density distribution function, the goodness-of-fit values and results (gray solid curves) indicate that prediction errors were large and the simulated values did not agree well with the data (Fig. 5) .
Although for the variable root density distribution function the modeled and measured results were similar, there were slight differences between the measured and simulated values, especially in the 2004-2005 season. One reason is associated with the soil characteristics. The plowed layer was loose and porous, and the lower layer was hard and thick, with prismatic structure developing from vertical fractures. The soil profile was rich in montmorillonite. The montmorillonite has a nature of swelling when wet and shrinking when dry. The montmorillonite content in the plowed layer was less than that in the middle layer, and the montmorillonite content in the middle layer was also less than that in the deeper layer. Thus, the capillary pores in the middle layer will close before those in the plowed layer when in the presence of water. In addition, soil in the plowed layer swells and disperses, making the plowed layer muddy on the one hand and, on the other hand, the dispersed clay flows into the lower layer and further blocks pores, preventing moisture infiltration and forming a perched bed. During drought, shrinkage leads to cracks, causing capillary pores to fracture. Groundwater upward movement suffers, soil water is lost, and stiff clods are formed in the top layer. Also, the moisture content increases in the deeper layer. Therefore, during dry periods and later wet periods, the soil characteristics lead to an increase in moisture content in the deeper layer. 
Groundwater Contribution to Root Zone Soil Moisture
To further estimate the CGWR in six hy dro logical growth seasons, we performed a series of simulations using the piecewise root density distribution function suitable to winter wheat, chosen by the evaluation.
The daily changes in the bottom fluxes in the winter wheat root zone during the different hydrological seasons are shown in Fig. 7 . Positive values indicate that water entered the root zone from the bottom (i.e., CGWR) and negative values that water drained from the bottom (i.e., deep drainage). Because the HYDRUS-1D model is run for a certain period of time to reach steady state, this made the result unstable for the run on the simulated bottom fluxes in the first 30 to 40 d. During the overwintering periods from 23 December to 12 February, winter wheat slows and even stops growth. Therefore, in the calculations, for each growth season, the estimated period for the CGWR was from 13 February to 2 June (Table 5 ).
The plant water required (Water Resources Research Institute of Anhui Province and Huai River Conservancy, 2010) for winter wheat (Table 5) was derived from the field experiment. In a normal season, the ratios of CGWR to water required were 84, 21, 31, and 82% during recovering, jointing, heading, and maturity, respectively; in a dry season, the corresponding ratios were 100, 34, 39, and 62%; and in a wet season, 135, 17, 29, and 64%.
The deep drainage indicated in Fig. 7 is drainage (shown as a negative flux) for each growth season. In the wet season, under optimal growth conditions, drainage was 170 mm; in the normal year, drainage was 142 mm; and in the dry year it was 23 mm. With the total precipitation decreasing in the different hydrological growing seasons, drainage also decreased correspondingly (Table 6 ).
There was an upward (positive) water flux into the root zone with large variability (Fig. 7) . The results were not as expected. The CGWR was greatest in the dry season, at 154 mm; it was least in the normal season, at 128 mm; in the wet season, it was 136 mm (Tables 5 and 6 ). In the dry and wet seasons, the CGWRs were relatively large. Although the WTD in 2004-2005 was located at an average depth of 3.58 m and the WTD in 2008-2009 was located at an average depth of 1.85 m, the effective root depth was only 1.5 m; the WTD in both dry seasons (2004-2005 and 2008-2009) was much deeper than the root depth, but the average CGWR during the dry seasons was 154 mm, which is the highest among the three hydrological seasons. There are three reasons: (i) in the study area, for winter wheat with an effective root depth at 1.5 m, the CGWR can occur at a WTD no deeper than 3.9 to 4.1 m (Water Resources Research Institute of Anhui Province and Huai River Conservancy, 2010). During the two dry seasons, the mean WTDs were larger than the effective root depth, but if they are more shallow than 3.9 m, the CGWR can occur; (ii) during the calculation period (from recovery to maturity, 121-230 d after sowing) in [2004] [2005] , the WTD changed from 3.02 to 3.64 m with a mean of 3.27 m more shallow than the depth below which the CGWR ceases, therefore the WTD assured that the CGWR can occur; and (iii) the actual evapotranspiration was also highest. However, in the wet season, the CGWR was also high because the WTD was at its most shallow, but actual evapotranspiration was not at its highest. Another reason was variation in precipitation because the study area is situated in the transitional zone of northern subtropical and warm temperate climates. Figure 8 permits a quantitative assessment of the seasonal CGWR in the different hydrological seasons. In the normal seasons, the mean WTD during the growing period was 1.45 m, and approximately 128 mm of groundwater moved up into the root zone. In the dry seasons, the mean WTD was 2.72 m, and the groundwater contribution to the root zone was about 154 mm. In the wet seasons, a mean WTD of 1.49 m resulted in a groundwater contribution of about 136 mm. The cumulative CGWR in the same kind of hydrological season increased as the WTD decreased (Fig. 8 vs. Fig. 2 ), e.g., in the wet season 2002-2003 with a mean Table 5 . The estimated contribution of groundwater to the root zone (CGWR) and the ratio of CGWR to plant water required (WR) in different hydrological growing conditions. The CGWR is the sum of the daily capillary rise of water into the winter wheat root zone from 13 February to 2 June. mean WTD is smaller than the average for these two wet seasons, while the cumulative CGWR for 2009-2010 with a shallower mean WTD is larger than the average for these two wet seasons (Fig. 8 vs. Fig. 3 ). The corresponding cumulative transpiration for the same time periods is shown in Table 6 . Table 6 shows that a certain amount of the transpired water, especially during the dry years, was obtained from the groundwater. The actual transpiration is equal to the root water uptake. That means, in the study area, that most of the CGWR could be used for plant transpiration via root water uptake. In each season, the potential transpiration was almost equal to actual transpiration (Fig. 9) , further demonstrating that the simulation was for winter wheat at its optimal growth state.
The calculations for groundwater contributions to transpiration (root water uptake) are summarized in Table 6 . For different hydrological growth seasons, the groundwater contributions to transpiration were about 58, 47, and 69% of the respective totals for the dry, normal, and wet seasons, respectively. On average, every Table 6 . Seasonal transpiration and seasonal groundwater contributions to transpiration. year, 58% of the groundwater could contribute to winter wheat transpiration via root water uptake. This is a large amount and cannot be ignored, as it can substitute for irrigation and is important for calculating irrigation requirements. The result will help to produce strategies for irrigation regimes and improve plant water productivity while avoiding water pollution.
In this study of winter wheat growth in the Huaihe River basin, deep drainage was larger than the CGWR in wet and normal hydrological growth seasons, especially in wet years, which had 170 vs. 136 mm of drainage, respectively (Table 6 ). This also indicated that because there were strong exchanges of moisture between the soil water and groundwater, pesticide and fertilizer in the soil water could move down into the groundwater and salt in the groundwater could move up into the soil water. Such contaminant transport should be considered in future investigations.
Summary and Conclusions
Based on lysimeter, field, and weather data from the Bengbu City weather station, the HYDRUS-1D software package was used to simulate soil moisture and calculate the CGWR during the growing season (16 October-2 June) using two root density distribution functions. The results were:
1. The daily change in the CGWR in the optimal growth state for the different hydrological growth seasons was calculated during the growth period from 16 October to 2 June. For the simulated optimal growth condition results, the CGWR values were 154, 128, and 136 mm in dry, normal, and wet seasons, respectively; the corresponding CGWR values represent 58, 47, and 69% of the total transpiration.
2. The cumulative CGWR in the same kind of hydrological season increased as the WTD decreased. 3. The deep drainage was larger relative to the CGWR in wet and normal hydrological growth seasons, especially in wet years, which had 170 vs. 136 mm of deep drainage, respectively. Moreover, with the total precipitation decreasing in the different hydrological growing seasons, the drainage also decreased correspondingly.
The main conclusions were:
1. The fixed root density distribution function suitable for soybean is not suitable for winter wheat.
2. The piecewise root density distribution function is suitable for winter wheat.
3. Groundwater provided a significant amount of water to the root zone for winter wheat growth in the Huaihe River basin.
4. Accurate description of the root density distribution is helpful to estimate and predict the CGWR.
5. Using the range of precipitation occurring during the selected winter wheat growing seasons to represent different hydrological conditions allows assessment of the importance of the CGWR in the Huaihe River basin. Understanding and quantifying this type of water flux in winter wheat fields is crucial for managing winter wheat production.
6. Water table fluctuations, variation of plant roots, and soil texture are among the factors that affect the CGWR in the study area and were considered in this study. However, temperature and tillage method were not considered and should be examined in future studies.
7. In wet and normal hydrological growth seasons, especially in wet years, there are strong exchanges of moisture between the soil water and groundwater. Such potential contaminant (e.g., pesticides) transport should be considered in future investigations.
